It has been shown that crossing the midline affects the performance of fine motor skills but the underlying mechanisms are not well understood. This issue is particularly important with respect to the development of motor activities such as writing or pointing in children. Forty-eight right-handed children performed goal-directed movements toward targets positioned either at the midline, or in the left (contralateral side), or right (ipsilateral) hemispace. Findings revealed that movements were more accurate in ipsilateral than in contralateral space and their overall accuracy increased by 42% between 6 and 10 years of age. Differences in movement time among hemispaces depended on the joints predominantly involved in producing the movements (wrist versus fingers). Lower accuracy of movements in contralateral workspace is also present when participants do not have to cross the midline but only move within this workspace. In motor proficient children, no developmental trends were found for these hemispace effects.
This article addresses the development of goal-directed movements in the left and right hemispace. Developmental studies on movement production in the left and right workspace so far have focused on two topics. The first pertains to when and how often midline crossing occurs in development. These studies have identified a developmental trend towards increased frequency of crossing the body midline in 2-to 6-year-old children (Provine & Westerman, 1979; van Hof, van der Kamp, & Savelsbergh, 2002) . The second topic deals with evaluating upper extremity midline crossing using reaching or pegboard tasks whereby movement starts in one hemispace and ends in the other. To date, these studies focused on the impact of manual midline crossing (e.g. Bradshaw et al.,1988; Cermak et al., 1980; Screws et al., 1998; Stilwell, 1987) . Results of these and related studies have indicated that infants and young children make more errors in midline-crossing tasks and need more processing time than in similar tasks not involving crossing (ipsilateral workspace).
Theories accounting for the higher difficulty of reaching across the midline have referred to various underlying maturational processes (corticospinal tract and corpus callosum) and more complicated computational processes related to brain asymmetries in the representation of spatial information used in visually guided movements (e.g. Colby & Duhamel, 1991) . The scientific research on the anatomical and functional differences between the two hemispheres in the planning and control of movements is already abundant and again flourishing with the advent of new neuroimaging techniques (Debaere et al., 2003) . Many authors have already studied the relative proficiency of one hemisphere over the other for specific operations occurring during reaching, grasping, or writing. In short, the major findings of this research so far are that the left hemisphere (right hand) shows an advantage in movement executions (more accuracy), whereas the right hemisphere (left hand) is specialized in movement preparation and allocation of attention in space (Barthelemy & Boulinguez, 2002; Roy et al., 1994; Carson et al., 1993) . Furthermore, lesion studies have revealed that the right hemisphere is important for motor behavior that explores the contralateral side of egocentric space (Gentilini et al., 1989; Farne et al., 2003; Karnath et al., 1996) . More specifically, reformulating this in relation to the present experiment, the right hemisphere contributes to the processing of visuomotor information that is necessary for executing actions with the ipsilateral hand in the contralateral hemispace.
To account for hemispace performance differences, musculoskeletal as well as biomechanical factors have to be taken into account in addition to neuroanatomical factors. For example, depending on the degree of arm extension, torque generation requirements change as a function of inertial changes. Furthermore, individuals do not fully compensate for direction-dependent differences in the inertial load of the arm, also known as inertial anisotropy (Gordon et al., 1994; Ghez et al., 1997) . Finally, force generation also changes as a function of muscle length that depends on arm posture. These elements have received far less attention in accounting for performance differences as a function of workspace.
Although many studies have focused on interhemispheric asymmetries, the majority used a visual hemifield paradigm in which full vision was lacking. This limits the possible extrapolation of the results to daily life situations, where full vision is normally available. Moreover, little is known about development of the kinematics during visually guided movements in the two hemispaces. A recent reaction time study by Hay & Velay (2003) , pointed towards asynchronous development of the various processes involved in visuomotor coordination and different time courses of the development of the right and left hemispheres. In earlier kinematic studies, changes in spatial accuracy and temporal variables were studied and the results showed a nonmonotonic profile with a temporary decrease in performance around 7 to 8 years of age (Hay, 1978) . Movements in the two hemispaces, however, were not contrasted with each other in these studies. So far, we have not identified any hemispace studies testing accuracy and writing kinematics in young children in which no actual midline crossing was involved. Another limitation is that most studies into the effects of midline crossing made use of shoulder or wrist movements rather than finger movements, which are more important in relation to handwriting and can be expected to show developmental changes across a larger time span.
The present study focused on the development of spatial and temporal control in graphomotor tasks, performed on both sides of and along the body midline. More specifically, we assessed asymmetries in goal-directed movement execution as a function of location in space. In addition, we investigated whether these asymmetries are related to the joints commonly involved in writing (i.e., wrist versus finger joints). Finally, we assessed whether these asymmetries are subject to developmental changes in children without motor problems who are learning to write. It was hypothesized that movements into the left hemispace are less efficient in both spatial and temporal aspects in right-handed children and that 10-year-old children will be more accurate than 6-year-olds.
Method

Participants and Selection Procedure
Because the aim of this study was to describe the impact of workspace in children without motor impairments, only those with good outcome values (above the 65th percentile) on the Movement Assessment Battery for Children (M-ABC: Henderson & Sugden, 1992; Smits-Engelsman, 1998) were included. Forty-eight right-handed children (26 girls, 22 boys), attending elementary school were divided into three age groups: 6 (n = 16; mean age 76.8 months, SD = 3.6); 8 (n = 16; mean age 99.9 months, SD = 3.5); and 10 years of age (n = 16; mean age 125.1 months, SD = 4.2). All participants and their parents signed an informed consent.
Experimental Tasks
The writing tasks were presented on A4 size sheets of white paper in landscape orientation, with three trials on a single sheet. On each sheet, three arrangements of two diagonally opposing, grey-shaded targets, with a constant distance of 2.5 cm, had to be drawn ( Figure 1 ). In each trial, participants were to draw straight-line segments between the two targets situated contralaterally, in front of, or ipsilaterally to the body midline. To limit the movements to the wrist or fingers, the children were not allowed to translate their arm while performing these writing tasks. Instead, the researcher placed their hand in a random order at the three different positions. Because writing trajectories are formed by a combination of continuous (ongoing) and discrete (start and stop) movements, both types were used. Therefore, participants were asked to position the pen tip at the starting point and draw as fast and as accurately as possible, starting at a acoustic signal and either reversing the movement on the next acoustic signal (20 times) or reversing at their own pace (during 20 s). All writing movements were made with full vision and consisted of combinations of up and down strokes. Two orthogonal movement directions were utilized (upper left to lower right and upper right to lower left). This spatial arrangement of the targets was varied to obtain predominantly finger or wrist movements. Because only right-handed children participated in this study, lines drawn from top left to bottom right (and vice versa) primarily involved finger movements while movements from top right to bottom left (and vice versa) were predominantly elicited by wrist movements (Meulenbroek & Thomassen, 1993) . In addition, all tasks had to be performed twice, once towards small and once towards large targets (width .44 and .88 mm, respectively).
Participants wrote with an electronic pen containing a white plastic tip, leaving no visible trace on the experimental sheets attached to a digitizer tablet (Wacom model UD-1218, Wacom Technology, Vancouver, WA). All movement data were recorded and analyzed by means of OASIS software (De Jong et al., 1996) allowing the sampling of the x, y, and z (axial pen pressure) dimensions of movement. The sampling rate was 206 Hz.
Procedure
The writing tasks were administered individually in a quiet room and lasted about 30 min. Before the experiment started, each participant was allowed to practice the task. The participants were seated comfortably in front of the digitizer and the middle of the sheet was positioned in front of the body midline on the digitizer. The mean distance of the contra-and ipsilateral targets was 10 cm from the midline targets. The children were instructed not to move their forearm during one series of 20 s or 20 movements.
Following the practice trials, participants performed 24 trials of 20 movements or seconds each. The order of presentation of the trials was counterbalanced across participants. In the present article, only the effects of target location and joint will be discussed.
Data Analysis
The following dependent variables were calculated: endpoint area (cm 2 ) and trajectory length (cm) as spatial measures, and mean tangential velocity (cm/s), maximum tangential velocity (cm/s), acceleration (cm/s 2 ) and peak over mean velocity (max velocity/mean velocity) as temporal variables. Furthermore, the index of performance effectiveness (bits/s) and axial pen force (in N) were evaluated.
As for the index of difficulty, the signal analysis was similar to our previous studies (Smits-Engelsman et al., 2000; Smits-Engelsman et al., 2003a) . Raw data were filtered using a fourth-order, dual-pass, low-pass Butterworth filter with a corner frequency of 10.3 Hz. As a result of large variance, the first and last stroke of each condition was not entered into the analyses. The following segmentation definition was used for the strokes. Initiation of movement was identified by reversing from the middle of the trajectory until pen velocity exceeded .3 cm/s. The end of the pen movement was computed by back tracing from the beginning of the next movement with the use of the following thresholds: pen velocity < .3 cm/s or if the pen was lifted from the tablet or the return beep was on (meaning that the task in that direction was over). The trajectory between these two points was used to evaluate the trajectory length. To obtain an accuracy measure, endpoint area was calculated by determining the 95% endpoint ellipses for each trial. The 95% endpoint ellipse area was calculated as follows: area = π · A · B. Here A represents two standard deviations (1.96 3 SE) of the length of the semi-major axis whereas B refers to the length of the semiminor axis. To quantify the fluency with which the movements are produced, the ratio of peak-over-mean velocity was calculated (Flash & Hogan, 1985; Meulenbroek & Thomassen, 1993) . The peak-over-mean velocity ratio will be lower if fewer corrective submovements are made. To measure processing ability or performance of the motor system, the index of performance (IP) was calculated. The index of difficulty in Fitts' law (1954) is reflected by the value of log 2 (2A/target width). To compensate for a possible speed versus accuracy tradeoff, the actual diameter of the endpoints was used not the target width indicated on the paper. The index of difficulty-effective (IDE) was calculated as follows: log 2 (2 trajectory length/2 radius endpoint area). Subsequently the IDE measure for task difficulty was used to compute the index of performance effective (IPE): IPE = IDE/movement time as a performance measure for comparisons across tasks.
A general linear model procedure was carried out, consisting of the following independent variables: age (3) as between participant factor and location (3) and joint (2) as within participant factors. Alpha was set at the .05 level. Post hoc Bonferroni tests were performed to test for differences among age groups.
Results
First, the spatial measures will be described followed by the temporal variables, the pen force and index of performance. We first checked the number of movements analyzed and these were found not to be different for the three locations (mean number of movements per trial were 36.7, 36.6, and 36.5 for the contra-, midline and ipsilateral hemispace). Two main effects of location were found, namely for endpoint area and trajectory length (Figures 2 and 3) .
The first main effect of location revealed that the contralateral endpoints were more expanded than the ipsilateral ones [F (2, 90) = 8.41, p < .001]. The spread between the top and bottom targets was not significantly different [F (1, 45) = 1.18, p = .31]. For endpoints, an interaction with joint was found [F (2, 90) = 4.13, p = .02]. As can be seen in Figure 2 , the movement endings were spatially more distributed as a function of workspace location but this was caused by the wrist rather than finger movements. With increasing age, the endpoint area became smaller [F (2, 45) = 4.83, p = .02; not illustrated]. Post hoc analysis showed that the differences between the 8-and 10-year-old children were no longer significant (means were .083, .050, and .048 cm 2 , respectively). The second main effect for location showed an overall shortening of the trajectories made in contralateral space [F (2, 90) = 13.34, p < .001]. Means were 2.68, 2.71, and 2.70 cm for contra, midline and ipsilateral, respectively (see Figure  3 ). This pattern was more complicated, however, as substantiated by a Location 3 Joint interaction [F (2, 90) = 4.83, p = .01]. As is depicted in Figure 3 , only the finger movements were the source of this shortening effect. No main effects of age on trajectory length were found [F (2, 45) = 1.31, p = .28] nor interactions with age and joint or location.
Two preliminary conclusions can be drawn based on the analysis of the spatial variables. As hypothesized, movements made in contralateral hemispace were less accurate and tended to be shorter. These effects were dissimilar, however, for movements made with the wrist or the fingers. Because no interactions between location in hemispace and age were found for any of the spatial variables, it can be concluded that all age groups under investigation showed similar effects of target location.
The temporal variables showed a different pattern, because neither a main effect of target location nor a main effect for joint was found for movement time. In addition, main effects for age were found for peak over mean velocity [F (2, 45) = 4.83, p = .013], indicating more ballistic movements in the older children. No main effects of location in the hemispace were found for velocity, maximum velocity, acceleration, and peak over mean velocity, indicative of comparable kinematic profiles in the movements to the different target locations. In a supplementary analysis, we divided the movement segment into a transport phase and a homing-in or guiding phase (last 3 mm before reaching the target). The same pattern of interactions of joint with location on the temporal variables emerged in both parts of the trajectory, however.
To summarize, in contrast with the spatial variables, the temporal variables showed no differences among movements made to targets in the contra-, midline, or ipsilateral workspace. The joint predominantly used to perform the movement accounted for the emerging differences in kinematic profiles. Finger movements were fastest in the contralateral hemispace, whereas the wrist movements were clearly faster on the ipsilateral side.
Other Measures
Pen force was not significantly different between the target locations. As can be seen in Figure 5 To conclude the analysis, the index of performance was taken as an overall measure of efficiency because it controls for differences in target width, accuracy, and speed. In Figure 6 it can be observed that the information-processing capacity did not differ as a function of hemispace but performance increased by about 50% with age [F (2, 45) = 13.38, p < .001]. Means were 9.15, 12.29, and 14.38 bits/s for the 6-, 8-, and 10-year-old children, respectively. Post hoc analysis showed that the 8-and 10-year-old children were no longer significantly different. Furthermore, the interaction effect of location and joint [F (2, 90) = 5.68, p = .005] became even clearer when corrected for differences found in trajectory length and endpoint area by using the adapted formula for IPE (Figure 7 ).
Conclusion
A major finding of this experiment is that movements towards targets were slightly less accurate in contralateral than ipsilateral workspace. Several explanations are possible. First, it has been claimed that crossing the midline affects motor performance (Provine & Westerman, 1979) . This explanation can be ruled out in the present study because the lower accuracy for contralateral movements was present even though participants did not cross the midline but only moved within the contralateral workspace. A second possibility is that visual feedback was different for the three conditions, because it is known that visual feedback is very important for this type of task (Debaere et al., 2003) . Did the use of contralateral workspace imply that targets were primarily visible in the contralateral visual hemifield? This could have been the case if participants always fixated a point in front of their body. There are no indications, however, that this happened. or visibility was different for the three conditions. However, tThe participants had to look at the targets at which they aimed. Although this was not measured, it was a common observation throughout the present study. Hence there is no indication that contralateral targets were seen more often in the contralateral visual hemifield when the task was performed in contralateral workspace. A more serious problem could arise from the fact that the hand might have obscured the target, especially when the target was in the lower part (more nearby section) of the workspace because the lower targets were more obscured by the hand than the upper ones. This possiblee dissimilarity in visibility can also be ruled out as a contributing factor to the differences between the hemispaces because of by the lack of differences between endpoint variability in upper and lower targets.
since the lower were more obscured by the hand than the upper targets. TheThe third possibility relates to potential differences in motorin motor control. Controlling the dominant arm in the contralateral workspace might have been less effective than using the same limb in ipsilateral workspace. This could be related to lateralization of motor functions. From studies on spatial neglect, it is known that the right hemisphere is involved in accurate pointing movements towards the contralateral hemispace. A similar deficit is commonly seen after brain damage (Farne et al., 2003; Karnath et al., 1996) . Normal children have also been tested for signs of hemineglect (Hausmann et al., 2003; van Vugt et al., 2000) and some authors have reported increased asymmetry in a line bisection task for this group( ) and also reported shorter trajectories in the contralateral hemispace. Nevertheless, if this factor of lateralization was very important, it is difficult to explain why there was no age effect as a function of workspace sinceworkspace given that lateralization is known to still develop in this age group (from 6 to 10 years old).
An alternative explanation is based on use dependency. It is easy to understand that uUnder most conditions, the ipsilateral workspace is used more frequently by the ipsilateral arm than the contralateral space. easier to reach (subjects do not reach but move within contralateral workspace) andT therefore it is possible that movements in contralateral workspace reaching isare less exercised and, therefore, less accurate. One difficulty with this explanation is that the difference in accuracy was only clearly observed for the wrist and not for the finger movements although it is unclear why one type of movement should beshould be more exercised than the other. There are, however, some rather fundamental differences between the two types of movement. Wrist movements act against a much larger inertial load than do finger movements. Hence, it might be more difficult to form internal models representing temporal and spatial aspects of these wrist movements and embed the dynamic force components of the end effector. This could result in subtle differences in motor performance depending on workspace. Moreover, wrist movements were slower and had a lower index of performance, indicating more processing time was needed than for finger movements in the contralateral space. To further account for thisfor this difference between wrist and finger data, it can be argued that the arm position was less advantageous for the required wrist movements when operating in contralateral hemispace and less advantageous for finger movements in the ipsilateral space. For all conditions care was taken to support the forearm, thereby precluding the added contribution of elbow or shoulder movements to any of the conditions. The position of the arm in relation to the body, however, had to be changed to generate the movements, leading to different positions for the shoulder by crossing the arm halfway in front of the trunk when moving in the contralateral hemispace. These positional changes could have produced a biomechanical disadvantage for the single joint wrist movements with high inertial loadss and an advantage for the multijoint low inertial finger movements.
From a developmental perspective, it was observed that older children hit the targets more accurately, in less time, and with fewer changes in their velocity profile. The largest differences in motor performance were seen in children between 6 and 8 years of age, although development continued after that. This nonlinear rate of motor development is consistent with results on other motor tasks (Hay, 1978; Smits-Engelsman et al., 2003b) . Finally, one might have expected a slower maturation of the finger versus the wrist movements but such difference was not seen in the present study, although our tests were sensitive enough to demonstrate developmental changes. The results therefore suggest that control of wrist and finger movements develops mostly in parallel in motor proficient children.
